r
RN

NACA TN 3164 BS¥6

o

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

TECHNICAL NOTE 3164

FURTHER STUDIES OF THE MECHANISM BY WHICH HYDROGEN
ENTERS METALS DURING CHEMICAL AND
ELECTROCHEMICAL PROCESSING

By L. D. McGraw, W. E. Ditmars, C. A. Snavely,
and C. L. Faust

Battelle Memorial Institute

Washington
March 1954

TECHY AFMDC

The5700
WN ‘adv) AHVHEIT HO3L

AFL 2811



TECH LIBRARY KAFB, NM

IRt

NACA TN 3164 0065841

TABLE OF CONTENIS

SITmARY . . L L] - . . L L] . L . - . L - - . . - . . L] L] L] L4 L . .
INTRODUCTION « &« & o o o o o o o o o o o a a 6 s « o s s s o o o o
EXPERTMENTAL, PROCEDURES . « & « o ¢« & o ¢ o s o s s s o o s o o« o @

EXPERIMENTAL WORK . « « « ¢ ¢ « o « o & « e s e e u . e s s
Measurement of Hydrogen Overpotential Transferred Through
a Metal es a Function of pH . « &« & ¢« ¢ &« ¢ & « o« . o o e e
Imbtroduction .« « ¢ ¢ ¢ o o ¢ ¢ o ¢ ¢ ¢ o o 2 o« o s s o ¢« & » 4
Apparatus and procedure « ¢« « ¢ ¢« ¢ ¢ s o s 2 e s . 8 e e s s e
Results end discussion . .« « ¢« ¢ o ¢ ¢ ¢ a ¢ o o 2 2 o o o
Conclusions .« o e . « e e e e . e e &t w e e s
Potentials of Chemically and Electrochemically Prepared
Solid Solutions of Hydrogen in ITonm « « « « ¢ « « o« o o o &
Introduction . . . e 4 e s e o e e 8 e s s a2 e s & s e e @
Procedures and materials e e s o & s e s s & s s s 8 2 oe = e
Results . . . . « « & « o . e e e 4 & s 4 e« o s o & o o
Discussion and concluding remarks e e e o o 8 = & 8 s & 8 o o o
Potential of Chemlcally Prepared Copper Bydride as a
Function of pH c c e e e e s s & s s+ s s & & e« o s e e e s .
Introduction . . . . e e o s & s e & & s s 2 o u e s s o s s
Materials and procedure D
Results i ¢ ¢ « « & & T
Discussion and concluding remarks . ¢ ¢ ¢ e o o o o o o o o . 14
Correlation of Hydrogen Content bf Steel With Relstive
Degree of Embrittlement . « . « ¢« ¢ ¢ ¢« ¢ ¢« ¢ ¢ ¢« ¢ ¢ ¢« ¢ ¢« o« 15

Ph REBwvw wvausEs &+ + v

APPENDIX A - EVIDENCE TAKEN FROM RECENTLY PUBLISHED
LITERATURE WHICH SUPPORTS THE PROPOSED HYDROGEN-
ENTRY MECHANISM « ¢« ¢ ¢ ¢ ¢« o ¢ & ¢ o o s o o s o o o o o o o « « 1T

APPENDIX B - EXPERIMENTS ON EFFECT OF HYDROGEN CONTENT ON BEND -
ANCGIE FOR STEEL SPECIMENS . « 2 « « « « o « s o « s o o s « « o« » 19
Materlals and Experimental Procedures . . « « « ¢« ¢ « « « « « « «» 19
Results and Concluding Remarks . .« « ¢« o ¢ « o« o 2 « « s o« « o« o 21
REFERENCES ¢ ¢ « « o« o o o s s o a o s o o o o s o o o s = s o« s » 23
T.AB IES L] L - L] L L] - - ‘. - - - - . L ] . - - - L - * L L] - - - - - L 5

FIGURES - « « o o « o o s o a o e o s o s o o s o o o s s s « 2 o s 25



NATIONAL ADVISORY COMMITTEE F(R AERONAUTICS

TECHNICAL: NOTE 3164

FURTHER STUDIES OF THE MECHANISM BY WHICH HYDROGEN
ENTERS METALS DURING CHEMICAL AND
ELECTROCHEMICAT, PROCESSING

By L. D. McGraw, W. E. Ditmars, C. A. Snavely,
and C. L. Faust

SUMMARY

The entry of hydrogen into metals from chemical and electrochemi-
cal action occurs when hydrogen-metal slloy formation is simultaneous
with discharge (or release) of hydrogen atoms. This is the mechanism
proposed in the earlier work by the writers (NACA TN 2696) and further
supported by the current work.

The entry of hydrogen into a metal does not involve two steps
whereby hydrogen first leaves its environment Just outside the metal
to become adsorbed on the ocutside and then moves into the metal adven-
titiously at a suitaeble lattice site. Conversely, neither does exit
Involve two steps. Hydrogen in solution in metals is characteristic
of a "metal in a metal" and not of a "gas on a metal.” Solubility and
diffusion effects substantiate this statement, since solubility iso-
therme are characteristic of solutions, and not adsorption.

The conditions at a steel surface that promote even the momentary
presence of hydrogen-metal alloy allow hydrogen to permeste into the
steel by diffusion. Entered hydrogen does not permeate steel rapidly
by a diffusion process if the hydrogen-metal alloy releases its hydrogen
to the outside surroundings at a high rate, because then the concentra-
tion gradient 1s too low.

The hydrogen overvoltage on iron in the presence of arsenic is
actually the potentiel of the arsine (AsHz) electrode. If pure iron
is contaminated with arsenic on one side only, the arsine-electrode
potential is transmitted through the iron to the uncontaminated side,
and hydrogen permestion occurs at a high rate.

This evidence supports the concept that promoter elements in steel,
such as arsenic, phosphorus, sulfur, and others, are effective in
increasing the hydrogen permeability of steel by changing the over-
potential relationships at the steel surface and by forming metsl-
hydrogen alloys of increased stability.
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. The varlation of hydrogen overvoltage on copper cathodes with
current density was shown to agree with the variation predicted by the
Tafel theory of hydrogen overvoltage when the experimental order of
the decomposition reaction of copper hydride is kmown. This supports
the proposed hydrogen-entry mechaenism in the case of copper, which 1s
quite significant, because copper is an umusually poor solvent for
cathodic hydrogen. TFor that reason, copper might be considered by
some to be an exception to the entry mechanism.

Iron cathodes through which hydrogen was passed gt a relstively
high rate were depolarized repidly in alkaline solution. Identical
iron cathodes having the same initial potential but through which very
little hydrogen was passed depolarized slowly. These results are
explained by the concept that hydrogen passing through a metal can do
permanent damage which makes hydrogen escape more rapldly thereafter.
Thus, hydrogen passed through metal can have an effect on both the
electrochemical and the physical properties of the metal.

Factors which are effective in the control of hydrogen enbrittle-
ment can be Inferred from the preceding conclusions. Hydrogen entry
into metals is reduced when amblent, or artificially established, con-
ditions at the surface prevent the formstion of stable hydrogen alloys
or cause the rapid decomposition of any that tend to form when atomic
hydrogen is availsble.

INTROIDUCTION

This investigation waes a continuation of the efforts of the writers
to develop fundamental concepts which would be useful in preventing or
alleviating hydrogen damege to steel. The importance of this subject
is well recognized, especially in the aircraft industry. Reference 1
presented views on the hydrogen-entry mechsnism which are somewhat dif-
ferent from those proposed in the previous litersture. 8Still, they are
compatible with all availsble experimental evidence. In the present
work, the phenomena relating to hydrogen entry into steel were studied
further.

Many workers have postulated that hydrogen enters metals by a
mechanism involving the discharge of hydrogen ioms from solutlon,
followed by adsorption on the metal surface and, finally, entry at
appropriate sites. BSuch a mechanism requires that the hydrogen seek
a site for entry after the actual discharge. The new mechanlsm postu-
lates that hydrogen discharges directly into metal surfaces through
the formation of metal-hydrogen alloys. This alloy formation occurs
as a part of the discharge process, 1f there is entry of hydrogen. If
there is no alloy formation, there ls no entry, and any hydrogen
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released by chemical or electrochemical processes not involving alloy
formation ultimately bubbles off as gaseous hydrogen.

It was postulated alsonthat anyﬁhing which prolongs the l1ife of
hydrogen in the alloyed or metallic state will cause an increased
rate of accumlation of hydrogen in the metal. The accumuletion of
hydrogen is fdecreased by conditions which cause decomposition of the
metal-hydrogen-alloys or reaction of the alloys with other chemiecal
substances.

The chemical enviromment and the metal composition are important
factors 1n regulating the amount of hydrogen passing into or out of the
metal during chemical and electrochemical processing. The rate of
transfer of hydrogen through a metal may be dependent on the entry
process or on diffusion in the metal, whichever is slower, providing
exit is unencumbered.

Further experimental work was needed to test the conclusions sum-
marized sbove. Hydrogen-metal alloys should be electrochemically active
and possibly should be responsible for the hydrogen overvoltages mea~
sured on some metals. This has been established for arsenic by pre-
vious workers (ref. 2) and it has been proposed for iron (ref. 3).

Much of the work reported herein relates to testing certain important
predictions which are based on the proposed hydrogen-entry mechanism.
These predictions are:

(1) It is well known that different metals release hydrogen at
different rates, depending on the concentration of hydroxide ion in
solutions contacting them. For these metals, the hydrogen overpotential
should be dependent on the pH.

(2) The relative stability of metal-hydrogen alloys produced by
the cathodic reduction of hydrogen irons at metal cathodes should be
associated with hydrogen overpotentisal.

(3) The slope of the Tafel equation for a particulsr metal should
be predictable from knowledge of the order of the decomposition reaction
of the particular metal-hydrogen alloy (or hydride). (See appendix A.)

To test these predictions, suitable metal-hydrogen alloys had to
be prepared. Techniques for such preparations are not well establisghed,
and a considerable portion of the total effort had to be expended in
evaluating known techniques and developing new ones.

This investigation was conducted at the Battelle Memorial Imstitute
under the sponsorship and with the financial assistance of the National
Advisory Committee for Aeronautics.
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EXPERTMENTAT. PROCEDURES

The techniques and methods were generally specific for each series
of experiments and therefore are described in the sppropriste sections
discussing the experimental work.

EXPERIMENTAL WORK
Measurement of Hydrogen Overpotentisl Transferred

Through e Metal as a Funcilon of pH

Introduction.- The postulsted mechanism for hydrogen entry into
metals predicts that the hydrogen overvoltage for certain metals will
depend on pH by a relationship which differs from that of a reversible
hydrogen electrode. The mechanism would be supported if the pH depend-
ence could be shown to be related to the stability of the metal-hydrogen
alloys formed during the entry process. The menner in which the over-
voltege depends on the pH cen be studied usefully only 1f both over-
voltage and pH can be measured asccurstely. There is little difficulty
in measuring overvoltage with reasonable accuracy. However, there is__
no completely successful method for measuring the pH of a cathode
film. It would be incorrect to measure the pH of the solution proper,
gince it is relsted only indirectly to the .pH of the cathode film.

A search of the literature revealed a way to solve this problem.
In 1950, Fischer and Helling (ref. 3) demonstrated that the potential
transferred through pure-iron beakers was the true hydrogen overpotential.
By this concept, hydrogen could be discharged on one side of a piece of
metal and the hydrogen overpotential measured on the opposite side.
The charging solution could be of any composition desired, and the
solution on the opposite side could be the same or any different solu-
tion in which overvoltage measurements were desired. The transmitted-
overpotential measurements could be made then in solutions of any
desired pH without polarization effects or difficulties in pH
measurement.

Fischer and Heiling showed that the transmitted overpotential
resulted from the hydrogen transferred through the iron. The trans-
mitted electrode potential was related to the expression:

E = Ey + 0.06 log == = -0.06pF - 0.06 log [E| (1)

1
(]
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In equation (1), [E] represents the concentration of hydrogen atoms in
the metal surface. Except when inhibitors were used, the electrolytes
were the same on both sides of the iron. A plot of their transferred
hydrogen overvoltege versus the logarithm of the current density gave

a slope which agreed with the classical hydrogen-overpotential mecha-
nism proposed by Tafel. '

These results show that the hydrogen-entry mechanism postulated
by the writers is in accord with Tafel's theory. Each proposes that
dissolved hydrogen is responsible for the respective phenomens of
interest. Fischer and Helling stated that no other factors could be
responsible for the transmitted overpotential, since there was no
deposition of H.30+ ions on the surface where the measurements were

made.

This transmittael of overpotential must take place by the formation
of metal-hydrogen alloys. The slow decomposition of these alloys deter-
mines the overvoltage and is dependent on pH. An experiment was
designed to show either (1) the pH-dependent term in equetion (1) is
completely responsible for any variation in a nonreversible hydrogen
overpotential with pH or (2) pE can have an effect on the electrode
potential not indicated by the equation. The secondary effect expected
was that hydroxide ion would catalyze the release of hydrogen from iron-
hydrogen alloys. This action would depolarize the electrode consider-
ably by reducing the steady-state concentration of hydrogen in the metal.

Apparatus and procedure.- Figure 1 is a schematic drawing of the
apparatus used to measure the transmitted hydrogen overvoltage. A
pure-iron beaker was suspended inside a gless beaker. An lnner elec-
trolyte was placed inside the iron beaker and an outer electrolyte
occupied the space between the two beskers. Platinum snodes were sus-
pended in the outer electrolyte and the iron beaker served as a cathode.

When this circult was electrolyzed with & direct-current source,
hydrogen ion was discharged at the outer surface of the iron beaker. A
saturated-calomel electrode was placed in the inner electrolyte and con-
nected with the iron beaker through an electronic potentiometer. Thus,
it was possible to meassure (1) the electrode potentisl of the inside
surface of the iron beaker before electrolysis, (2) the transmitted
potential during electrolysis when hydrogen was being discharged on the
outside surface, and (3) the transmitted potential immediately after
electrolysis was discontinued. The effect of pH on the transmitted
potential could be observed by changing the pH of the inner electrolyte.
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The iron cup was machined from a messive ingot of pure iron.t Tt
was placed on a pure-iron setter plate in a vacuum furnace (less

1 X 1072 millimeter of mercury pressure), annealed at 1,000° C, and
then cooled under vacuum. A liguid-nitrogen trap was used to protect
the system from contaminating vapors. The purity of the setter plate
was equivaelent to that of the iron beaker. The annealed cup was stored
in a clean desiccator until used for overvoliege experiments.

Just previous to its use, the cup was dipped in dilute hydrochloric-
acid solution until gassing was observed. Then it was washed 1In distilled
water and placed in the apparatus with inner and outer electrolytes as
shown in figure 1.

Two outslde electrolytes were used in the experiments: (1) 2 per-
cent by volume of sulfuric-acid (1.84 specific gravity) solution and
(2) 1 gram per liter of NagHAsO) + THoO in the 2-percent sulfuric-acid
solution. Solution (1) represents a good hydrogen-charging solution
and solution (2) is one of the most active charging solutions known.
Solution (l) was preelectrolyzed using pletinum anodes and cathodes
for 30 minutes at a current density of I amperes per square foot prior
to use with the iron beaker.

The inner electrolyte was a O.l-moler sodium-sulfete solution pre-
pared from the chemically pure salt and distilled water. The pH of
this solution was adjusted by adding dilute surfuric-acld or dilute
sodium-hydroxide solutions. The value of the pH was measured with
precision test papers before and after each set of potential readings.
The estimgted meximum uncertainty in pH was 0.5 unit.

Before each set of potential measurements, the cup was washed with
distilled water and filled with a new portion of inner electrolyte.

The electronic potentiometer used in measuring the potential of the
inner surface of the cup had an estimated accuracy of +0.002 volt per
reading. The precision of measurement from run to run was estimeted to
be sbout +#0.010 volt. The outer ares of the immersed portion of the
cup was 4.0 square inches. The charging current was always 2.1 amperes
and the charging voltage, 4.2 volts.

10btained from the National Research Corp., Cambridge, Mass. A
typlcal analysis, in percentage, supplied with the Ingot was:

Fe, spproximately 99.95 Al, <0.001 Cu, <0.00L 81, <0.01
N, <0.001 ¢, <0.005 Ma, <0.00L  Sn, <0.001l
0, <0.02 Cr, <0.00L Mo, <0.001L  Ti, <0.001
H, <0.005 - Co, <0.001  Ni, <0.001L W, <0.001
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A set of potential readings was teken for a given pH following

. 20 minutes of charging when it appeared that a relatively steady state

had been reached. ZEach set of potential readings consisted of four to
five pairs of readings, one taken with the current on and one taken

1 or 2 seconds after the current had been shut off. The time the
readings were taken after the current hsd been shut off was recorded,
as these readings represented decay of potential with time. There were
never apy erratic fluctuations of potential during the measurements.
Similar procedures were followed with the arsenic-containing charging
electrolytes. The pH values of the inner electrolyte were 2, 6, and
13 for separste sets of measurements.

Results and discussion.- For the arsenic-free charging electrolyte,
the rate of change of transmitted potential versus pH was -0.02 £ 0.002
volt per pH unit, as shown in figure 2. The rate of change for the
reversible hydrogen electrode (reduction of water) is -0.059 volt per
pH-unit increase. These values are plotted in figure 2 for comparison
wlth the measured vslues.

When arsenic was added to the charging electrolyte, the tramnsmitted
potentials varied with pH change at a different rate. For this case,
the slope was ~-0.007 volt per pH unit, as shown in figure 3. The
immediate depolerization noted on opening the circuit was greater when
arsenic was present in the charging electrolyte.

The transmitted potentials plotted in flgure 3 cannot be compared
accurately with those of figure 2, because arsenic in the charglng
electrolyte changes the overpotential for a given current density.
Before arsenic was added to the charging electrolyte, no hydrogen evolu-
tion had been observed from the inside wall of the iron cup during
charging, except when the pH inside the cup was low, when the iron
was chemically attacked there.

When arsenic was present 1n the charging electrolyte, hydrogen
evolved from the inside wall of the cup during all measurements. With
the current off, this evolution ceased in about 5 minutes. Arsine was
evolved in the cathode gas on the outside of the cup during charging.

It is evident that the concentration of hydrogen at the inner surface of
the cup was much greater when arsenic, a hydrogen-alloy former, was
present in the charging electrolyte.

Significantly, the measured transmitted potentials are below the
decomposition potential for water up to pH values over 11.0. This pH,
at which hydrogen-charged iron has the same potential as a reversible
hydrogen electrode, remains spproximstely the same, vhether the iron is
charged in the presence or in the absence of arsenic. The potentlals
are not alike at any other pH. The plot of date for the arsenic-free
charging electrolyte (fig. 2) intercepts pH = 0 at a potential within
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0.006 volt of the overvoltage of hydrogen on iron (0.40 volt), ag deter-
mined by the 'interrupter' method (refs. 4 and 5) or the "direct” method
(ref. 6) at a low current density (1 ampere per square foot).

With arsenic in the bath, the plot (fig. 3) intercepts pH = 0 at
~0.818 volt. This value is between the reversible electrode potential
of

AsHz —> As + 38t + 3e

as reported by Latimer (ref. 7) by estimation from thermsl dsta

(-0.60 - 0.246 = -0.846) and that reported by Latimer and Hildebrand
(ref. 8)(-0.54 ~ 0.246 = -0.786). The factor -0.245 is the potential
of the saturated-calomel electrode and is added to the half-cell
potential of the arsine electrode. Thus, the transmitted potential is
actually the potential of the arsine electrode. This sppears to be
definite confirmation of the postulated entry mechenism as related to
the formation of metal-hydrogen alloys or hydrides. The AsHz forma-
tion was responsible both for the entry of hydrogen into pure iron and
for the measured overpotential.

The different rates of change of potentisl with pH in figures 2
and 3 are significant. Neilther plot has & slope of -0.06, as demanded
of a reversible hydrogen electrode. The facts that both electrodes
have the same potentials at pH = 11 and that this potential is the
potential of the hydrogen electrode are merely fortuitous. At pH = 11,
both electrodes have the same concentrations of electrochemically active
hydrogen, showing that the catalytic loss of hydrogen from iron in the

presence of base has been more raplid in one test than in the other.

The relstive rates of depolarization of the transmltted hydrogen
overpotential are shown in figure 4 for the arsenic-free charging elec-
trolyte and in figure 5 for the arsenic-containing electrolyte. In
general, depolarization was more repid in baslc solution, no matter which
charging electrolyte was used. More rapid depolarization followed
charging with the arsenic-containing electrolyte.

The negative slope for the curves in figure 4 where pH = 2 can be
accounted for, since the acld was attacking the iron. Thus, by a chemi-
cal process, more hydrogen was entering the metal (forming & metal-
hydrogen alloy) then was leaving it. This caused polerization, instead
of depolarization. B

The difference in relative positions of the curves for pH = 6 =and

= 13 in figures 4 and 5 is believed to be related to the effective-
ness of the bases in catalyzling the relegse of hydrogen from annealed
iron and from iron cold-worked by the pegsege of hydrogen. At any rate,
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these experiments show that OH- ions are catalytically active in
decomposing the iron-hydrogen alloys formed during chemical or electro-
chemical processing.

Conclusions.- The following conclusions are drawn from the results
of this series of tests:

(1) Hydrogen in solution in iron is electrochemicaslly active.

(2) Hydrogen in solution in iron 1s responsible for the measured
overpotential.

(3) The release of hydrogen from solutlon in iron is accompanied
by a drop in measured potential.

(4) Solutions of hydrogen in pure iron must be stabilized at the
entry face to obtain a high permeation rate (as by addition of arsenic
to the charging solution).

(5) The transmitted overpotential of hydrogen on iron is dependent
on the pH at the surface where the potential is measured.

(6) The transmitted overpotential of hydrogen on iron is depolarized
rapidly in basic solutlon, possibly by catalytic release of electro-
chemically active hydrogen from solid solution in iron.

(7) The low incidence of embrittlement of metals by treatment in
basic solutions as opposed to acid solutions or those containing
embrittlement promoters results from the instebility of iron-hydrogen
alloy in basic solution and the consequent low permeebility to
hydrogen.

Permeation is low when the surface-~formed metal-hydrogen alloy is
not steble enough to hold the hydrogen for subsequent diffusion through
the metal. Arsenic-hydrogen elloy (arsine) forms reedily enough and is
stable enough to perform these functions.

Potentials of Chemically and Electrochemically Prepared
Solid Solutions of Hydrogen in Iron

Introduction.- The potential of a solid solution of hydrogen in
iron is determined by the constituent which is most active electro-
chemically, hydrogen, and should be Independent of how the sgolid solu-
tion was prepared. The potentials should vary with the concentration
of hydrogen in solid solution, with temperature, and with the pH of
the solution in which the potentials are measured.
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The term ' solid solution," as used herein, deslgnates a metastable
solid solution of hydrogen in iron. The equilibrium solubllity of -
hydrogen in iron at atmospheric temperatures is very low. However, a
considerably greater amount of hydrogen cen be introduced into iron
under nonequilibrium conditions, as by cathodlc charging. A metastable
alloy results. This alloy is termed a solid solution unless evidence
of hydride formetion is noted.

These metastable alloys of iron and hydrogen can be prepared in a
variety of ways, including cathodic charging, acld pickling, and chemical
reduction of iron salts.

Satursted solid soluations having identical potentials may become
noble at mach different rates as they lose hydrogen. It is assumed
here that different rates of depolarization among & group of iron-
hydrogen alloys are indicative of physical differences. Such differ-
ences mey be In the form of aggregation, as for a powder versus a
messive material, or in terms of cold-work, internal stress, grain size,
and so forth. The amount of hydrogen transported through the metal
during charging may be a factor, even though most of it has left the
metal. It is well established that hydrogen pessing through iron
legves it in a cold-worked condition (refs. 9, 10, and 11).

A number of experiments were performed to study the electrochemical
behavior of solid solutions of hydrogen in iron as prepared by various
methods.

Procedures and materials.- Codeposition of iron and hydrogen was

one of the methods of preparation studled extensively. The deposits
were formed on platinum cathodes under various experimental conditlons
from a solution containing 875 grams per liter of FeClp - hHgO In
general, the solutions were considerably below atmospheric temperatures.
Iron enodes were used. Immediately upon removal from the plating solu-
tion, each plate was rinsed in several portions of the electrolyte theat
was used for the subsequent potential measurements. These rinse solu-
tions were kept ab 0° C or lower to avoid decomposition of the metastsble

solid solutions.

An electronic potentiometer and a saturated-calomel electrode were
employed to measure the potentials. Measurements were made within
1 minute after deposition was stopped and perlodically thereafter for
gpproximately 15 minutes. Temperatures were 5 ) 15 s, and 25 C. The
acidity of the solutions used in the potential measurements was deter-
mined with a low-temperature glass electrode.

As a check on the electrode system and the potentiometer, the
potentisl of a pure-iron sample was measured under the same experimental
conditions as used for each electrodeposited ‘sample. The pure-iron
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electrodes were cut from the ingot used to make the iron cup for the
transmitted-potential work.

Chemically prepared iron-hydrogen solid solutions were obtained by
the reaction of phenyl magnesium bromide and anhydrous ferric chloride
in ether solution. This reaction has been reported in the literature
(refs. 12 and 13) as a method of preparing iron hydride, although the
present work and consideration of the published data lead to the con-
clusion that lron-hydrogen solid solutions sre produced, instead of
iron hydride.

Other methods of preparing lron-hydrogen alloys chemically were
tested, but none of the products appeared worthy of further experiments.

Experiments in cathodic charging to form lron-hydrogen slloys
already have been described in the sectlion on transmitted potentials.

Results.- All the results of potential measurement on the codeposited
iron-hydrogen solutions are recorded in teble 1, slong with data on con-
ditions for obtaining the deposits. The potentials were -0.7T to -0.88,
over the pH range from 3.3 to 10.3 for all specimens which were not
degassed before measurement.

The potential of the chemically prepared lron-hydrogen solid solu-
tion, measured at 5° C in saturated potassium~-chloride solution, was
-0.83 * 0.05 volt within s minute after assembly of the electrode system.
The potentials of the saturated solid solutions prepared by cathodic
charging of pure iron with hydrogen (fig. 2) were -0.73 to -0.87, over
the pH range from 4 to 10.

Note in table 1 that a number of the potentials of hydrogen-iron
solid solutions were measured in the presence of 1.0-normsl ferrous
sulfate and still were highly cathodic. This proves that the iron-
ferrous-iron half-cell potentisl was not being measured aend was not
interfering with the results.

The potentials determined for the alloys prepared by the three dif-
ferent methods were very nearly alike, yet the relative rates at which
the alloys became noble through loss of dissolved hydrogen varied widely.
Data in teble 1 and figures It and 5 show this clearly.

Rapid depolarization was not associated with a fine state of sub-
division of the metal. The most rapidly depolarized iron was that
massive iron which had been charged with, and extensively permeated by,
hydrogen through cathodic pickling in acid containing srsenic (fig. 5).
Within seconds, this metal became more noble then iron charged with
hydrogen in pure acld (fig. 4)}.
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Discussion and concluding remarks.- These results are highly sig-
nificant: They show that, no matter how the solid solutions of hydrogen
in iron were prepared, they all exhibited the same electrochemical
potential, thus indicating that the solid solution was saturated. The
results also show that solld solutions, rather than hydrides, were
formed, because the electrochemical potential of the materials changed
in a regular fashion as hydrogen was lost. For a hydride, the potentials
would remain constant as long as any significant amount of hydride
remained.

The formstion of iron-hydrogen so0lid solutions or alloys by elec-
trolytic charging or codeposition is directly analogous to situations
occurring in industrial febricatlion operations. However, promoter
elements, such as arsenic, phosphorus, and sulfur, are aslweys present
in steel, and so hydrogen entry ls facilitated. Even minor amounts of
the promoter elements can have very significant effects.

Potentlal of Chemically Prepared Copper
Hydride as a Function of pH

Introduction.- Studies with copper hydride offer a means for further
checking the preceding experimental date and conclusions. Copper hydride
lends itself to study in aqueous systems because it is metastable and
yet does not decompose too rapidly. Also, copper commonly is involved
in electrochemicsal processing operations. The potential of copper
hydride should vary with the pH of the solution in which the potential
is measured in the same wey that the potentisl of a reversible hydrogen
electrode varies with pH. It is assumed that the electrochemlically
active hydrogen in the hydride is in a standard reference state (activity
of 1). This distinguishes the electrochemical behsvior of hydrides from
the behavior of solid solutions, as discussed in the preceding section.

The catalytic decompositlion of copper hydride would not be expected
to change the electrochemical activity of hydrogen in the hydride so
long as & significant amount of hydride remsins present. Consequently,
the difference between the potential of the hydride in solutions of
different pH values and the potentiasl of a reversible hydrogen elec-
trode in solutions of the same pH values should be constant. This
constant difference is proposed to be the overpotential of hydrogen on
copper. It is expected to be independent of pH.

Experimentally, the overvoltage can be cleimed constant if the
measured rate of change of the potential of copper hydride with pH is
-0.06 volt per pH unit, according to equation (1). The following
experiments were made to determine the pH .coefficient of copper-hydride
potential in aqueous solutions.
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Materials and procedure.- Copper hydride was prepared by the method
given by Feitknecht and Warf (ref. 14). The following solutions were
prepared and mixed together:

(1) 66 grams of chemically pure NaH,PO, - HoO in 50 milliliters
of Hp0 (at 50° ¢)

(2) 50 grams of chemically pure CuSQ, + 5H20 in 100 milliliters
of Ho0 (at 50° €)

(3) 20 milliliters of chemically pure HpSOy (specific gravity 1.84)
in 180 milliliters of HoO (at 50° C)

The mixture was allowed to react for 15 minutes with constant stirring.
The temperature was malntained at 50° C. The reaction was then stopped
by dilution with cold distilled water.

The copper hydride produced by the reaction was washed gt least
seven times with distilled waster by decantation. Then it was stored
under distilled water until used. After gbout 2 days of storage at
220 to 30° C, most of the hydrogen had escaped.

Potential measurements were made on the copper hydride within 1 day
of the preparation. Portions of the material were washed several times
with portions of the electrolyte of chosen pH which was to be used for
the measurements. The resulting slurry was placed in a test tube with
a hole in the side wall about an inck sbove the slurry. A platinum
electrode sealed into a glass tube was inserted in the slurry. The
assembly was then immersed in a beaker containing a new portion of the
electrolyte used for the washing.

A saturated-calomel electrode was used to measure the potential of
the slurry. Readings were made immediately after assembly of the elec-
trodes and thereafter at l-minute intervals. Readings were continued
for an hour in some cases. It was impossible to estimate the precision
of these tests, because the readings were erratic and often fluctuated
unaccountably.

The unbuffered solutions in which the potentials were measured were
prepared from distilled water and chemically pure sulfuric acid. The
buffered solutions were prepared from phthalic acld and its potassium
salts and were approximately 0.2 normal. The pH of each solution was
measured with a low-temperature glass electrode. The pH values ranged
from 2 to 6.

Results.- The measured potentials are recorded in table 2. The
copper hydride behaved like copper metal in all of the unbuffered solu-
tions and in the buffered solutions up to a pH of between 2.95 end 3.3.
Decomposition of the hydride was slow in these acid solutions.
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The hydride decomposed vigorously in buffered solutions over the
pH range from 3.3 to 5.7, and the electrode potential was much less
noble than that characteristic of copper. Moreover, the pE coeffi-.
clent of the initial potential readings in these solutions was -0.06,
within the limits of experimental error. The potentials measured
15 minutes to 1 hour after assembly of the electrodes were much more
noble. The platinum electrode became coated with spongy copper during
this time interval.

A decrease in potential with time, approaching the potential of
copper metal in the same solution, was always observed. This depolari-
zatlon was present, but very gradual, during the first minute after the
electrodes were assembled in buffered solutions. Only after approxi-
metely 1 minute did the potentials fluctuate greatly, while changing
toward the potential of copper metal. Agitation of the platinum elec-
trode during the measurements resulted in potentials which were less '
negative than those recorded in teble 2. The recorded potentials are
for quiescent electrodes. =

Discussion and concluding remarks.- The potential of copper hydride
varied with pH in the same way as the potential of a reversible
hydrogen electrode over a falrly broad rangé of pH values. This indi-
cates that a true hydride was prepared. The hydride was electrochemi-
cally active for only short periods of time because it decomposed.
Therecafter, copper covered the undecomposed hydride and resulted in
more noble potentials. Much more significant potential measurements
of copper hydride might have been obtained if the hydride electrode had
been a mixture of powders of copper hydride and an inert conductor
(carbon). This thought arose too late in the experimental program to
be checked.

Apparently, the hydrogen in copper hydride is not electrochemically
active at low pH values in buffered solutions or at eny pH In unbuf-
fered solutions. In these situations, the more noble potential of copper
metal is observed, At higher pi values 1in buffered scolutions, a gen-
eral base catelysis is responsible for promoting decomposition of the
hydride and rendering the hydrogen in it electrochemically active. This
means that the reaction H[in Cu]—Cu + BY + e can proceed with suf-
ficient speed to become responsible for a measurable potential without
polarization.

In the higher range of pH values the pH coefficient of -O. 06
indicates that the activity of hydrogen in a hydride determines the
pctential. However, a change in potential with time was observed, indi-
cating solid-solution behavior. Actually, copper resulting from decom~
position of the hydride particles probably covered the undecomposed
hydride, causing the change tc more noble potentials. The proof that
this hydrogen-copper alloy is a true hydride indirectly supports the
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proposed mechanism for entry of hydrogen into metals by explaining the
hydrogen overvoltage on copper properly.

Copper has been considered an exception to the Tafel mechanism by
some investigstors. Appendix A describes how the kinetic order of the
decomposition reaction for copper hydride prepered by the method given
herein gives a correct value for the slope of the Tafel lines. Thus,
hydride formation in the case of copper can explaln both hydrogen entry
into copper and the hydrogen overvoltage on copper.

These results show that copper is not an anomaly among the metals,
and its performance can be explained by the new hydrogen-entry mechanism.

Correlation of Hydrogen Content of Steel With
Relative Degree of Embrittlement

Tn reference 1, it was shown that certain coatings (notably
potassium chloride, arsenic, and lesd) inhibit the exit of hydrogen
from metals. SAE 4130 steels which were costed with these materials
on one side and cathodically treated with hydrogen on the other side
exhibited permesbilites to hydrogen and degrees of embrittlement which
were different from those of the same metal which was not coated. This
phenomenon led to the hypothesis that the embrittling effect was related
to the emount of hydrogen which had passed through the metal but was no
longer present.

Several investigators (refs. 9, 10, and 11) have shown that iron is
cold-worked by the passing of hydrogen through i1t. However, there is no
previous evidence that prevention of the exit of hydrogen should have
any effect on the smount of hydrogen taken up by iron or on the degree
of embrittlement. There is a possibility that more damage is done to
iron when a relatively large amount of hydrogen is passed through it than
when the exit 1s blocked so that a back pressure builds up to limit dif-
fusion from the entry side.

In the present program, the previously reported results could not
be reproduced, and no new data of interest in this metter were obtained.
The experiments are described in appendix B. Tests were made with steel
specimens which proved unsuitsble for this work. It is now possible to
outline the proper steps for further efforts to study the effect of
hydrogen passed through steel versus hydrogen retained in steel.

Larger steel specimens should be used for greater accuracy of hydro-
gen analyses. Also, the steel should be prefersbly less susceptible to
embrittlement than SAE 4130. This steel was used because of its interest
to the eirframe industry. However, it 1s now evident that experimental



16 NACA TN 3164

results on the effect of hydrogen in steel .can be obtained more readily
with a steel which is less susceptible to hydrogen. The results of
these tests could be interpreted then as they relate to SAE 4130 or

other more susceptible steels.

Battelle Memorial Institute,
Columbus 1, Chio, March 15, 1953.
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APPENDIX A

EVIDENCE TAKEN FROM RECENTLY PUBLISHED LITERATURE WHICH SUPPORTS

THE PROPOSED HYDROGEN-ENTRY MECHANISM

It has been assumed generally that, for the Tafel mechanism to apply
to hydrogen overpotential, the slow process of recombination of hydrogen
gtoms must be a second-order reaction. This can be seen as follows:

Iet n = ﬁﬂ = Concentration of H atoms per square centimeter
across which passes a current density 1i; then, neglecting anodic
current,

- EBp =1 =B 10g, &
E - By 1 - loge n

Where

E measured potential

Ep potential on reversible hydrogen electrode
)| hydrogen overpotential

R = 1.987 calorie per mole-degree

T egbgolute temperature

F = 23,070 calories per volt-gram-equivalent

But n = yki if the resction MH + MA—Ho (gas) 1is of the second
order; hence,

n=A- %g loge 1

where A 18 8 constant at constant T.

The present mechaniem for hydrogen entry views the process of
recombination as the decomposition reaction of metal hydrides (and/or
solid solutions). This decomposition process does not have to be second
order; hence, for the Tafel mechanism to apply, the slope of the line of
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7 versus loge 1 does not have to have the constant value Eg X 2.303

but will vary according to the kinetic order of the decomposition
reaction.

Feitknecht and Warf (ref. 1It) showed that the order for the decom-
position reaction of copper hydride was nearly unity. At 25° C, this
will give a value of the slope for the Tafél equation of

RT _y - 1.987 x 298.1 X 2.303

= 0.0
F 1 x 23070 %

A recent paper by Hiskey and Senett (ref. 15) gives values of b,
the slope of the Tafel line, equal to 0.056, 0.059, and 0.067.

Considering the large experimental errors involved in both kinetie
and overpotential measurements, the b values of Hiskey and Senett are
in excellent agreement with the wvalue demanded by the present hydrogen—
entry mechanism.

It has been claimed (ref. 16) that lead cathodes disintegrate into
colloidel lead at high current densities by quantitative formation and
subsequent decomposition of a volatile unstable hydride of lead. The
equation for the formation of PbHo is considered to be:

e + Pb(H) + HpO—>PbHy + OH™

which is a paraphrase of the mechanism for hydrogen entry Into metals
proposed herein.

Some investligators are of the oplnion that the Tafel equation receives
more attention than it deserves and that various "diffusion layers,

"double layers," and "energy barriers" for ion transfer and for ion dis-
charge deserve major emphasis in future work. However, it is the opinion
of the present authors that the physical picture of the Tafel mechenism o
is descriptive and reduces the complexity of polarization during hydrogen
deposition. Since Fischer. and Heiling (ref. 3) have shown that true
hydrogen overvoltage can be transmitted through metal to a site where
other forms of polarization are sbsent, the simple Tafel mechanism should
be retained.
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APPENDIX B

EXPERIMENTS ON EFFECT OF HYDROGEN CONTENT ON

BEND ANGLE FOR STEEL SPECIMENS

The objective of this particuler experimental work was to observe
whether inhibiting the exit of hydrogen from a metal being cathodically
charged would cause a change in the permegbility of the metal to hydrogen
and change the amount of embrittlement incurred by the metal. Any
obgserved changes in permeablility and embrittlement were to be correlated
either with differences in hydrogen contents of the steel or with dif-
Terences in the quantities of hydrogen which had passed through the
metals.

It was hypothesized that, if a difference were observed Iin embrittle-
ment due to the hydrogen that had passed through the metal, and if dry
potassium chloride, arsenic plate, or lead plate prevented loss of hydro-
gen from the exit face, then the sample with dry potassium chloride,
arsenic plate, or lead plate should have a different residual hydrogen
content from that of a similar sample without these coatings for identi-
cal charging conditions. The coated metal would not necessarily have =a
higher hydrogen content after charging. Its permesbility and capacity
for hydrogen might not be so great as those of the metal through which
more hydrogen had passed. In addition, since aluminum citrate inhibited
embrittlement when present in the charging electrolyte, it was reasoned
that considerably less hydrogen must have diffused into the metal. The
following experiments were designed to test these hypotheses by corre-
lating the hydrogen content plus the amount passed through hydrogen-
embrittled steel with the relative degree of embrittlement.

Materials and Experimental Procedure

Specimens to be used for cathodic charging and hydrogen analysis
were cut from a plate of SAE L4130 steel in a uniform direction by a
shearing press and then machine finished. The final dimensions were
1/4%-inch width, 3-inch length, and 3/32-inch thickness.

The specimens were given a complete anneal by packing in iron chips
and heating to 1,550° F for 1 hour, and furnace cooling. After the
anneal, the specimens were heat-treated as follows:

(1) Preheated at 800° F for approximately 1 hour

(2) Heated to 1,575° F for 20 to 25 minutes in a controlled-
gtmosphere furnace and then quenched in oil
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(3) Tempered at 1,000° F for 2 hours to 36 to 37 Rockwell C
(4) Retempered at 1,025° F for 2 hours to 34 to 35 Rockwell C
The specimens were cleaned and prepared as follows:

(1) Solvent degressed

(2) Scale removed with coarse belt sander

(3) Scrived and punched for identification

(4) Solvent degreased

(5) Desiccated until used for cathodic charging; followed by
hydrogen analysis

The specimens were coated on one side with Pyseal (2 low-melting-
point wax), or with dry potassium chloride plus Pyseal, before being
charged cathodically with hydrogen. After cathodic charging, all the
Pyseal was removed before the sample was stored under mercury for hydro-
gen analysis by the tin-fusion method (ref. 17). After each specimen
hed been charged with hydrogen, it was cleaned, drled, and cut into
1-inch pleces with a bolt cutter. Those sections which had been charged

cathodically were stored under mercury within 2% minutes after cathodic
charging in one of the following baths:

Beth A: 10 percent by volume sulfuric acid prepared from chemically
pure reagent-grade sulfuric acld (specific gravity l.8h)”

Bath B: Bath A saturated with chemically pure carbon tetrachloride

Bath C: 150 grams of chemically pureé ciltric acid monohydrate plus
150 grams of aluminum sulfaste (as chemically pure dry
powder) plus 1,350 milliliters of water )

In every case, a bright platinum anocde was used in the electrocharglng
bath. Each specimen was exposed to the charging electrolyte under con-
ditions described in teble 3 (experiments 30 to L9).

The SAE 4130 steel specimens used for embrittlement tests (experi-
ments 50 to T4) differed in thickness and hardness from those used for
hydrogen anlysis in experiments 40 to 49. The thicker specimens allowed
greater accuracy in hydrogen enalysis and the thinner and harder speci-
mens were more sultable for ductility tests. They were machined from
3/32 inch to 1/16 inch and then were given the following heat treatment:
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(1) Prehested for 1 hour at 800° F

(2) Heated at 1,550° F for 20 minutes and then quenched individually
in oil )

(3} Tempered 1 hour st 715° F and cooled
(4) Tempered 3/4 hour at 750° F and cooled
(5) Tempered 1 hour at 800° F

The specimens with this treatment were in group A. The samples in
group B were tempered for an additional hour at 850O F. Two Rockwell
hardness measurements were made on each sample.

The specimens were sealed into a Iucite cell (shown in fig. 6) with
high-purity paraffin wax Just before cathodic charging with hydrogen.

The question of whether the wax affected the hydrogen entry might
be raised. The results of the work, however, indicste that the presence
of wax was not related to any difficulty in achieving reproducibility
of results.

Using the cell constituted a veriation of the method of using Pyseal
to prevent electrolyte contact with certain parts of the cathode. With
this cell, it was easy to observe whether the dry potassium chloride
(when used) on the back of the cathode became wetted during the run.

The dry potassium chloride was prepared as a very fine suspension
of the sslt by pouring a small volume of its saturated agqueous solution
into a large volume of chemically pure acetone. One side of the speci-
men was covered with the suspenslon and then the sample was allowed to
dry thoroughly. High-purity dry nitrogen was blown into the dry side
of the cell to keep moisture out during cathodic charging of the samples.

Bath A used for electrolysis was 10 percent sulfuric acid by volume.
During the b-minute interval between the time when each sample was
removed from the charging bath and the time vwhen it was bent, the sample,
in each experiment, was rinsed in tap water and alr-dried.

Results and Concluding Remsarks

Residual hydrogen contents are glven in teble 3 for specimens of
SAE 4130 steels which were charged electrolytically with hydrogen under
the conditions described therein. The results of ductility tests are
recorded in table 4. There is no indication that dry potassium chloride
had an effect on the degree of embrittlement incurred during cherging,
as was shown in the earlier work.
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The poor reproducibility of these results did not allow any inter-
pretation of the experiments. The scatter observed in ductility vealues
probebly is related to the greater hardness of the specimens compsared
with the hardness of the specimens used in the previous work. The
harder specimens were so susceptible to embrittlement that thelr due-
tilities varled widely after any type of cathodic treatment, or even ~
before treatment.

Chaudron (refs. 9 and 10) showed that cold-working is produced in
pure iron by cathodic hydrogen thet has entered into and then enmerged
from the iron. Large quantitlies of hydrogen must enter and emerge over
8 considerable period of time before permsnent cold-working demage is
achieved. This is consistent with the fact that repeated cathodic '
charging of a steel specimen increases its permeability and occlusive
capaclity for hydrogen. It is also consistent with the fact that mechani-
cal cold-working increases both the permeability and the occluslve capac-~
1ty of steel for hydrogen. Checking for this effect was the objective
of the present experiments with steel. If such an effect had been found,
the mechanism under study on thls project would have been supported.

Exit of hydrogen by release from solid solution would have been pre-
vented by maeterials known to stabllize hydrogen-iron slloys. It would
be of practical value to know the minimum amount of hydrogen required
to ceause permanent damege by passing through steel.

Experiment Th (table 4) in the present research showed that no
hydrogen evolved from the exit face of the steel in the 10-minute period
of charging, even when a hydrogen-entry promoter was present in the
charging electrolyte and blisters were formed, showing that large
quantities of hydrogen hasd entered. -

It is possible that potassium chloride does not exhibit the same
behavior as arsenlc and lead with regard to inhibiting the release of
hydrogen from metals, such as was indicated by the work of the previous
project. New work should involve the use of arsenic plate or leed plate,
instesd of potassium chloride. -
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TARIRE 1.~ ELECTROIF FOTEMITALS OF COIAPOSITRD JRON-HYDROGEH PLATES

Time of
Boperinent | MEOTLa e | ooy wee| T8 | Hloctrolyts | Potetisl, v messicremert, Renarta
Dansured, °0
() (o)
6 Pure-iron sample, surface 5 5.4 | Saturated KCL -0.380 Q0,13 folution stirred contimually. Raalings steady.
olsanad with chamically
pure golvents and then
Aried
T Ameelsd, bright platinum 5 5.4 | gaturstes, ¥OL 257 0,1, 3 Sclution atirrell. Readingy stesdy.
Anpaaled bright platipum, %5 5.h | Betnrated XOL 220 0,1 fBolution stirred. Readinge stesly.
ona plda oovared with
platers’ masking tape
9 Oolleposited hydrogen-iron " 5.k | Batursted ECL -39 0,1, 3 Bolotion atirred. Realings were stasdy ond 414
plate not Arift, Plate was blask ard fleky in
Temparature of d.gpoui-— appaarance and relesssd hydrogsn at a steady
tion bath, ~29 rate throughout mesasuressnts. Placing plata
mtnlmn'mnt,ljmm in distilled HO utag“ﬂart.arum—
{raised sloviy from ments cpused an immediste incresse in
0 emp) decompopition Tate.
Eright-platimm-eathods
area (one plde
eoverad with plstars’
manking tepe),
2 8q in.
Plating time, 5 wmin
10 Codepeaited hydrogen-iron 5 %.h | Batwreted ECL -.810 0,1,3 Bame as for experiment 9.
plaba prspared ss in
operiment 9
n Pure-iron sample, claaned 15 %.5 | Bxturatsd XCL «361 0,15 Bolation etirred. Roalings steady.
qurfaca
1a Codaponited hydrogen-iren 5 5.5 | Saturated K01 =027 0,3 Solutdion stirred. Headings stesdy. Flate was
plate prepared as in relensing hydrogen vigorously doing
experiment 9 reedings.
13 Oodepanited hydrogen-iron 15 5.3 | Saturatad L -.827 0,13 fame oa for experimemt 12,
plate praparsd as in
experiment 9

’A:L‘I. potentials are recordsd with refersnce to saturatsde-celomel elsotrole ag zero at tempersture of weasuremsnt.

tThe operebion of rinsing epecimens end trsmaferrring them to potantial~measuring apparatus took l=se than e mimrts.

for potential measuramsuts was no wore than 1 minute after removel of speoimans from plating bath,

Tharefore, xero {0) time
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TABLE 1.- EIRCYROTE POTENTTIALS (F CODEPQSITED IRCR-EYIROGEN PTATES - Contimed

Materfal meammed and st which Time of
Experiment preparation potential was pE Elsotrolyte | Potential, v w, Remarks
megBured, °C
(a) (v} -
14 Codeposited hydrogen-iron plate ] 5.k | Saturated XC1 =0.T78 0,1 Bolution stirred. Readings steady. Ko gas relsased
Temparature of deposition drring meppuresants. Following wessursmests,
bath, 25° C ) plate was placed in distilled HpO. There was
Total current, 1.5 smg slight bubbling =t sdges whers ourrent depsity
Plgting tima, 5 win was highesi; during plating.
Platinm-cathode area,
2 eq in., ma side aovered
with platers mesidng tape
15 Codeposited hydrogem-iron plate 5 &,k | Saturated X1, -.648 0, 1 Boloticn stirred. Realings steady.
Temparature of deposition
bath, -2° ¢
Total current, 2 (retisea
slowly from O u.::ﬁ
Plating time,.5 min
Platimmm-cathods ares,
& 8q in.
Reaulting plate wns vashed,
dried, apd stored vnder
mlydrous ether for 3 hr
to degme. AL end of thias
tine, plate relsased no
more hydrogsn. ) ) ]

18 Pure-iron sxaple, nurface 5 4.k | Batirated X1, ~.448 0,1 Boluticn stirred. Readings steady.
clsaned

17 Bright platinmm, smmeeled 5 L.Y | Betursted EOL .48 0, 1 Bolution stirred. Regdinga steady.

18 Codeposited hydrogen-iron plate, 5 4.} | Beturated X1 ~.856 0 Solutlon was stirred, snd plate releasad gus
deponited as in experiment 15, - 1/2 vigorously and stesdily during meesurems=pte.
tut pot allowsd to demas -.829 1L Following readings. plate was put in distilled
bafore potentipgl measurampents -2 water at room tespersturej bubbling inoressed

.82 z% sharply.
-8 5%
-.815 hJE-

8411 potentisls are reqorded with reference to peiurated-calomel eloctrole ss perc at tomperature of memsurement.

operation of rinsing specimeme and transferring them to potential-weesuring spparatus tcok lesa than a mimrte. Therefors, zera {0) time
for potential mossurewents was no more than 1 smimrte af'ter removal of specimeps from plating bath.

Jc

(

+9TE NI VOVN




TABLE 1.~ ELFCTRODE POTENTTALS OF CONEPOSITED TRON-HYDROGEN FLATES - Continued

181 measured apd e Tiue of
Netar meas
Expariment preparation potemtial vas pE | Blectrelyts [ Potential, v neamm;.:?mt, Ramarks
magsured, 9C
(a) (v)

15 Codeposited hydrogen~iron 5 &, | Baturated KCL ~.050 0 Seme ap for experiment 18. At © = 14 min, rate
Plate, propared as in -.828 L of gas relemgc had decreased somewhst, and a
experiment 18 -.825 2 promipent grean film of Fe(QH)E M formed,

-.022 3 At end of msssurements, pH = 1.5,
-.Ba L
~.800 1k

20 Oodeposited hydrogsn-ivon 5 10.% | Batvratad KD =_Bi;.5 Q folirtion gtirrad. Readings vere steady throughout,
plate preparsd as in solution + —.gjsz 1 and plate bubbled v:l.gomu.nls' during measrementa.
sxperiment 18 ¥aOH - 2 Ey end of measurements a little Fa{(i)p had

-.B69 E formed on purface of plate. A scharp ipcreass in

-.873 bubbling ocowrred wben plate was placed in Adia-

-.078 b1 t111ad water at room tempersture. During
mesgurexents, pH had changed to 9.7. This was
gus to abscorption of COp from dry-ice~acetons
cooling bath,

21 Pure~iron sample, surface 5 9.7 | Baturated EC1, -.30 0, 1 folution etirred. Readings steady,
cloaanad golution +

NalH

22 Codeposited hydrogen-iron 5 9.6 |Baturated K01 -.640 0, 1 Solntion stirred. Headings stesdy.
plate preparsd as in goluticn +
expuriment 18, azcept Fs0R

that deposition tompora-
tore wag 25° €, In
addition, plate was
washed, dried, and
allowed to deges undar
ary ather for 10 min

at 25° C. At end of
thles time, bubbling

hald atopped

8411 patentiels sve recorded with refersnce to paturated-calomal elactroda ss zero at temperature of measuremant.
cparstion of rinsing specimens and transferring them to potentiml-measinring apparatus took less than s minuta.

for potentisl measurements wes no more then 1 mdmrte after removal of specimens from plating bath.

Therefors, sero (0) tima
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TABLE 1.- ELECTRODE POFERTIALS (F CODEPOSITED JRUN-HYDROGEN FLATES - Contipued

Matarial measured and at lhic:n Time of
Experimernt preparstion potatisl ves pH Electrolyte Potential, v nssﬁ:mnt, Remarks
:au.nured., % (a) (h)
a3 Pure-iron sampls 5 5.3 1.0 X ¥eo0y, -0.627 0 Readinga steady.
solution -.630 1
-.633 L
': 1
-.633 1'5
= Codeposited iron-hydrogem plate 25 3.3 1.0 N FadOy, -.TT6 0 During readings, gas waa being releassd
Tuparutm of deposition sclutlon -, T62 1/2 contimicnaly. Readinge wera steasady.
ba‘t.h,—joc =755 1 During weehing prior to + = Q plete
Pleting time, 3 xin - 750 1L appesred to have logt most of its
Total current, 1 s 2 bydrogen, since parts of plata ware
Platimme~cathnde area. -ThE 2 blown off during an initial vigorons
2 sqin -.Th0 3 rolease of gans.
- 736 L
- T3 1;%
o5 Codepoaited hydrogen-iren plata 25 3.3 1.0 N Feidly =770 Q Readings were steady. Dur!.ng measuraments
Temperature of deposition, soluticn -. T 1/2 theTe ¥as vigorous ges relsase, vhich
-20° ¢ . 1 deoreased rapldly with time,
Other conditiopa of prepars- -.ThE 1&
tion simllar to those of 2
experimant, oh ~Th3 ;
. e 1 1 " 1 '
o | | A e : :
-7 b2
26 Codeposited iron-hydrogen plate ] 3.3 1.0 N FeB0n =767 0 Beme a8 for experisent £5.
mo" ture of depoaition, solution -7 1{2
Other copditions es in _ 13
experiment OF ' 2
-.Thk 2
~.Th 5
=736 L
-5 e

2211 potentials sre recorfsd with referenca to saturated-calowe] elsctroda as zarc st tempsrature of wmeasuremsnt.
operation of rinming specimens and tranaferring them to potantial-mesasuring

tus took less than a minute.

appara
far potemtial measuraments Ves no more than ) minute after removal of specimens from plating bath.

Therafora, zero (0) time

gc
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TABIE }.- ELECTROTE POTENTIATS OF CONEPOSITYTED TRON-EYDROGEN PIATES - Concludad

Temparatura

1 Tima of
Bperimant lﬁtﬂém fom agd po::n-:?i n;’_hv as pH | Elsatrolyte [Potemtial, v masg;mt., Ramarks
measured, °C
(a) (&)
27 Codepoelted ilron-hydrogen plate 25 3.3 | 1.0 N FreSOy -0,763 Q Gaxme an for experiment 25.
Terperatire of dsposition, 0° solution -8 1/2
Othar conditione as in experiment 24 -.T50 1
- T 1
2
. -.T45 2
- 2
~. 738 i
- /737 by
28 Codeposited iron-hydrpgen plats -] 3.3 | 1.0 N FeSQy, -.765 0 feme as for expariment 2%,
Terperature of deposition, 1¢° ¢ solution - TS 142
Other aonditicns me in expsriment 2 =720
- Th8 15
-.Th46 -3
- T3 3
- k
1
- 75 b3
29 Codaposited iron-hydrogan plate 2% 3.3 | 1.0 N Pe80y, -5 0 Readings vere steady. This plate, in
Tenpernture of Aspopition, £5° € polution -, TH2 1/2 contrast to those of experiments 2%
Othar conditions as in experiment 24 ~.Th9 1 to 28, relessed gas slowly during
-.Th8 1l measuremapts .
' 2
T ]
. Thb 3
- Th3 8
- a2 h%

BAl1) potantials are recorded with reference to saturated-calomel electrods as zsrc et tempermturs of measursment.

h‘.’t‘ho operation of rinsing specimens and tranaferring them to potential-measuring epperatus took leas than a mimite.

for pateptinl measuresents wss 70 more then 1 mipute after removal of specimens fram plating bath,

Therefore, xero (0) time

HOTS NI YOVN
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TABIE 2.~ ELECTRODE POTENTIAL OF COFFER HYDRIDE A8 A FUNCTION OF pH

[Baturated—calomel—electrode geals, experiments 30 to 5‘_9]

Blectrode potenmtial, v
gystem H = 2.0 PH = 2.6 pH = 2.95 H = 3.3 TH = h.0D pH = 4.5 pH = 5.5 pH = 5.7 pE = 6.0
Time | Time |Time | Tima | Time | Time | Time | Tims | Time | Time | Time | Time | Time | Time | Tioe | Time | Time
1ndtie18| £1na1P |1nitial| £1ned |fnitial|final |initial|finel |initiel[finsl [initisl|finel (iedtial|finsl |initial|final |fnitial|finel
Cul(Pt)  je-e—m- m—mmm |=0.052 |-0.032]0.010 [=0.010}~0.400 |~0.070|~=mm—m e | 0,500 |=0.330}-0,520 |~0.230|~0.580 |-0.350| nmemm |mmemrmr
moluticn ~0,%60 |-0.210
ufferad L
I .
Cul(Pt) -0.010 | 0.020 -0,030 |-0.010 -0.083 |-0.012
sclution
wmbuffered

S7ims inttisl refers to first potential reeding taken after lmmersicn of (WE slurry into electrolyte in which readings wers taken.
final refers to last potentiel reading teaken. The elspsed tims betwean initiml end final readings veried from 15 min to 1 hr,

0¢
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TARIE 3.~ RESIDUAL HYDROGEN CONTENT AS A FUNCTION OF EYTROGEN ENTRY AND EXTT VARTARLES

£g

1OTE WL VOVN

RBath Myywarndk | DIabl1dws!  la
pelo 1) WMULLTILY L Ol Weight of A
Experiment Preparetion of sample Bath |temperature, | demsity,| time, (AL, min of Hy, Remarks
op amp/sq £v| win sample, g
(a) (b) (e)
4o o coating A 86 110 10 1% =.8) 2.0 [In none of the experiments was
1 blistering or raising of the
b1 o A 86 ue 10 15 5.58 3.6 Pyseal surfaces observed,
vwould have been an
e |- o B 86 110 10 1k 5.56 (4.3 | b
2 indica.tion_ of Ho exit from
13 do- B 84 110 10 1 1 575 2.5 the noncharged surfaces.
By do- ¢ 86 110 10 1% 5.72 | 2.1
45 --==-do c 86 110 10 1% 5.80 | 3.4
L6 Pyseal on ell but ane 2-in, by| A 86 30U 10 21 5.66 .3
1/4-in. face
W7 do A 8 50k 10 a%- 5.59 5.1
L8 Dry KOl snd then Pygeal on all| A 86 %0k 10 232& .58 .9
but one 2-in. by 1/h-in, face
Lo do A 86 300 10 2% 5.77 1.3

SSee text for desoription of baths.

At was a measure of time elspsed between ramoval of sample from bath and {te storage under mercury. The valus was accurate
within %1% aec,

CPrecision of hydrogen anelyges was 0,2 ppu, or 10 parcent of repcrted value, whichever was greaster in value. These amnalyses
wers carrled out by the tin-fusion method (ref. 17).
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TABLE 1.~ DIEFERMINATION C THE RFFECT OF DHY KC1 AS AN EMBRTTTLEMERT JRHIBITCR

Bath Cherglog| Current Rockvell|Dagtility, | m. ., of
Experiment Preparation of smmpls Bath |temperature,| ares, | demaity, timm, [At, min| C and [berd angle, 1e, in RBenmrks
op sq in. {amo/eq in.| min group dog BAmpLe, 1n.
(a) {b) (c)

50 Blank - — —ee —— — - | 4, A 96 0,067

51 Tucite call + dry Mo A 04 0.5 o.00 10 k T =7 J0E7=

52 Ao A 86 5 B0 10 & L, A 61 +06T5 ~—»0.0665

83 Tunite call + dry KCL + dry No| A 86 5 .80 10 3 , A 48 0575 —> 0.0665| RC1 might have bean wetted
dring nm.

=, do A 86 .5 8o 10 A b, A L1 0672 ~»0,0665| X1 wus not watted during
rnin.

53 Blepk — - — - - - k2, B 75 06TS —»0,0665

=5 Incite cell + dry A 86 5 o w & b2, B 88 0675 —0.066%

a7 Iuoites eell + dry KU1 + K| A 86 N 8o 10 4 k2, B &6 0BT5 —»0.0665|E01 was not etted during
ru.

58 Iucite oell + dry No A 86 5] .80 10 4 k2, B Lz DETS —»0.0665

5 ; o A 8 5 .80 10 4 |ue B 1 0675 —0.0665

€ A0 A 86 5 .80 10 4 k2, B Lj 0673 —0,0665

a1 do A 86 5 80 10 4 ko, B 33 0673 —»0,

(] Ao A B& .5 B0 0 L k2, B ih L0675 —0.0665

&3 do. A 86 .5 80 10 I k2, B L3 0673 - 0.0665

& Tucite cell + dry KL + dry Fo| A 86 5 80 10 l+ k2, B Ls 067> ~»0.0665 EC1 was not watted during

& o A 86 5 80 1 Lo {ae,m 6  |ospsooses| T .

do- A B85 5 80 10 3 k2, B Eg 0575 - 0.0665 Do.

&7 A0 A B 5 '39. hT L ke, B 0675 - 0.0665(XC1 possibly was wetted

. . ) . during rum.

68 Blark — - — J— -~ - k2, B 106 0673 -»0.0665

6 Lucite oall + dry Ng A 86 5 .80 10 L ha, B h L0675 -» 0.0665

T Blank - - — — - -~ |2 90 -0675

e Tuoite cell + dry Mp A 86 5 .Bo 0 L ha, B 0 0673

T2 Tucite cell + dry EC1 + dry Np| A 86 5 B0 10 L 42, B 68 0674 N1 was wetted during run.

ko] Incite cell + dry ECL + dry K| A 8s 5 .80 0 I k2, B T3] 08T, KC1 was not wetted during
mum.

Th Inoite was f1lled with A+ CBy Bs 5 .80 0 L e 66 .06k Considersble blistering of

aiatilled Egd

ABatimmted accurecy, 13 ses.
PEshimated sccuracy, 15°.
Tha arrow —-> betWean twn thickness velues refers to the fact that asople hed bean electropolished bafore charging. The bath used was 50 pernant

copgentrated chsmically

tegperaturs vas aboat 237 C.

gmmwmmpmﬂpmwﬂhm%(ﬁﬁpmm)bymm- Current density vas about 2 amp/eq in.; bath

A4
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NACA TN 3164

Potentiometer

Beckman -
Calomel Electrode D-C

No. 1170 2 source
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Acid / —
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electrolyte

Pure-iron Inner
beaker electrolyte

\Glass beaker

Figure 1.~ Apparatus for measuring transmitted electrode potentials,
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-.50

-.60

Overvoltage of
hydrogen on iron
as determined by
other methods
a Potential for reduction of water
_«— (Slope = -0.059 volt/pH-unlt increase)
—70 l | l |

AN
NN

n
Potential inside iron cup with
charging current off (Slope=
-0.023 volt/pH-unit increase)

AN

t

Potential, v(saturated—calomel electrode scale)

-80

Potential inside iron cup

with charging current on

(Stope = —0.021 volt /pH-

unit increase)
-90 \ a\

\J

-1.0

o) 2 4 6 8 0 2 4 16 18
pH of electrolyte (O.1-molar NapSO4 solution) inside iron cup

Figure 2.- Potential measurements on inside of pure-iron cup during and
after cathodic cherging. No Hy gas was evolved on inside of cup during

measurements with current either on or off. No arsenic was in the
charging electrolyte.
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Potential for reduction of woter
(Slope = —0.059 volt/p H-unit increase)
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=
Q
[
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:§ .70
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§ /
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1 // Potential inside cup with
2 o — L charging current off
o
=
'g =80 I\ Potential for reduction of
= arsenic (see context)
>
.§- \ ‘
= s \g
2
< |
. . ! . X
-90 Potential ingide iron cup with
charging current on (Slope = 2.
-0.007 volt/pH-unit increase) o \
-1.0
0 2 4 6 8 10 12 14 16 I8

pH of electrolyte (O.t-molar NapSO4 solution) inside iron cup

Figure 3.~ Potential measurements on inside of pure-iron cup during and
after cathodlc charging. During all readings, current on or off, Hy

was being evolved inside cup at an appreciable rate. Arsenious acid
was in the charging electrolyte.
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| -0.696
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-70 1
Starting
potential
)/—Io'n?
[=]
&
Q
b=}
e
8
[+]
T -80
E
o
(=]
(3]
1
o
Q
S
§ [
o
"‘f Starting P HSIB
e potential o
o ~0.925 o=
- O "
E | L—-—O‘-—: °
S -90 o=
- 1.0
0 | 2 3 4 5 6 7 8 9 (o] it

Time, min

Figure 4.- Potentlal versus saturated-calomel electrode as a functlion of
time for inside of iron cup with current off following 20-mlnute
charging period. Charging bath, 2 percént HySO, (by volume) only.

(Zero time indicates first measurement made after opening circuit;
closed circuit potential is indicated as starting potential.)
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Figure 5.~ Potential versus saturated-calomel electrode as a function of
time for inside of iron cup with current off following 20-minute
charging period. Charging electrolyte, 2 percent HoS0y, (by volume)

with sodium arsensate.

J

| __—Slot with shoulders to hold steel

specimen. An outside clearance
of about z5 inch on each side
was made so that molten wax
would fill crevices and provide
a deep seal between inside and
outside surfaces

=

- a—-
A

- \__________________ L\

Solid Bottom
Figure 6.~ Luclte holder for electrolysis of SAE 4130 steel specimens.
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